Impact damping of NiMnGa ferromagnetic shape memory alloy/polyurethane composites was studied by instrumented impact tests. By polymerizing the composite under a magnetic field, the martensitic NiMnGa particles were spatially aligned in chains parallel to the field direction with the preferable crystallographic orientation of the martensitic twin variants. The rectangular prismatic samples with faces cut parallel and perpendicular to the particles chains in these composites appeared to be highly mechanically and magnetically anisotropic. The samples impacted parallel to the particles chains, have shown a considerably bigger damping capacity than the matrix material. The tests have also shown that the impact behavior is different for the first impact than for the consecutive ones. This is attributed to the stress-induced movement of the twin boundaries resulting in twin variant conversion. A corresponding rotation of the magnetic anisotropy of the samples is confirmed by measuring the magnetization curves.
Introduction
Ferromagnetic shape memory alloys (FSMAs), such as the prototypical off-stoichiometric NiMnGa Heusler alloy, can exhibit deformations as large as 12% under uniform magnetic field of about 1 T. 1) This ability stems from two major alloy properties: strong spinlattice interactions 2) and extremely low values of shear modulus and twinning stress enabling high mobility of the twin boundaries.
3) The last property is an origin of the large intrinsic damping of the martensitic phase long observed (see, e.g., Refs. 4, 5) ). The high level of damping and enhanced general brittleness of FSMAs Heusler compounds served in many cases as the motivations to create derivative materials in the form of large surface/volume and/ or polymer composite structures.
612) The FSMA/polymer composites are promising materials for damping applications. Special steps are needed for the preparation of these composites. First of all, a magnetic field has to be applied to the uncured polymer/particle slurry while it cures. An applied field aligns the ferromagnetic particles in chains to reduce the magneto-static energy of the system, and additionally, as a result of the high magnetocrystalline anisotropy of the material, the particles orient crystallographycally whereby a fiber texture is achieved in the composite. 11) In the textured composite, the well-oriented twin boundaries should be at 45°from the particle chain axis allowing for an optimal stress transfer that could result in twin variant reorientation. The twin planes correspond to the {101} planes in the parent Austenite which index in the Martensite are the {112} planes. The highly dissipative variant reorientation process accounts for the large mechanical losses in the composites. Twin variant reorientation in the NiMnGa/polymer composite has been confirmed by magnetic and diffraction methods, both under static and dynamic conditions. 12) High mechanical damping FSMA-based composites are promising for applications and should be studied in more detail. 4) Whereas the damping behavior of these composites has been already characterized under low frequency conditions (e.g., Refs. 6,7)), the performance fast compression under impact loading has never been addressed before. Thus, the main objective of this work is to characterize the response of such composites to the impact loading. Instrumented impact tests have been shown to be useful for the characterization of both polymer 13) and shape memory alloys.
14)

Experimental Details
The samples used for the experiments were fabricated by using spherical particles of NiMnGa with an average composition of Ni 50.4, Mn 29.9 and Ga 19.7, in atomic percent. The particles were produced by spark erosion under liquid argon as described elsewhere. 15) Their characteristic temperatures were determined to be T m = 36°C T a = 45°C for martensitic transformation and T C = 94°C for Curie temperature; they exhibit tetragonal 5-layered martensitic structure. The particles were mixed with a room-temperature curing polyurethane. The matrix polymer is composed of a prepolymer based on polypropylene glycol (PPG) and on toluene diisocyanate (TDI), which is processed with the 6-methyl-2,4-bis(methylthio)phenylene-1,3-diamine chain extender. This mixture yields a thermoset elastomer. The metallic filler particles (pre-weighed to correspond with 10% by volume) are thoroughly mixed with the polymer before the start of synthesis. The homogenized slurry was then poured into an H-shaped teflon μ mold and allowed to cure for 2 h under a 0.5 T magnetic field applied parallel to the central arm of the H-shaped mold. The sample was then allowed to fully cure for 2 days before de-molding. Rectangular prismatic specimens 5 © 5 © 10 mm 3 having the two possible particle chain configurations, that is with the chains parallel to one of the 5-mm-sides or parallel to the 10-mm-side were cut. The compression impact tests were carried out in a fallingweight machine (Fractovis-Plus, Ceast) equipped with a 5 kN load cell attached to the striker which measured contact force history. The cylindrical head of the striker had a diameter of 25 mm and a mass of 2.045 kg. In all cases, the tests were carried out at final velocity of 0.95 m/s and room temperature. The specimens were always placed in the machine so the strike face was one of the 5 © 10 mm faces. The testing procedure and direction of the impacts relative to the particle chain was as follows:
(1) Sample A: Five consecutive impacts parallel to the particle chains, and then additional 5 impacts in the perpendicular direction. (2) Sample B: Five impacts perpendicular to the chains and then 5 times parallel. (3) In addition, impact measurements under the same conditions were done on samples of the polymer matrix material with no filler (sample C), and on a composite with the same volume fraction of FSMA, but allowed to cure without a magnetic field applied (sample D). For the magnetic measurements, the cube-shaped samples with the edge of 5 mm, were cut both from the impacted and as-fabricated specimens. The magnetization as a function of field was measured with the field along all three directions of the cube. Magnetic measurements were carried out with a vibrating sample magnetometer. Scanning electron microscopy was used for the particle imaging.
Results and Discussion
The chain-like alignment of the particles in the matrix due to the magnetic field applied during curing can be seen in Fig. 1 . Images show that the chains are not composed of single particles, but rather of irregular clusters of particles, and also that the chains are roughly evenly spaced. In general, the particles did not delaminate from the matrix as a result of the impact testing. The arrows in Fig. 1 , labeled as "parallel" and "perpendicular", correspond to the directions of the impact on the sample parallel to the particle chains and perpendicular to the particle chains, respectively.
The impact behavior of the composites showed a response that was highly dependent on the impact history of the sample. Figure 2(a) shows a series of consecutive impacts on sample A. The response to the first impact is very different from that of all the following ones. The first curve shows that the force increases very rapidly at first, but at a certain value the slope drops drastically. Instead for the consecutive impacts a small shoulder is observed when a similar force is reached, but then it recovers as the force continues to rise with practically the same initial rate. In addition, the peak force recorded on the second impact is 20% higher than what was reached in the first impact. The drastic change of slope for the first parallel impact can be attributed to the one-way motion of twin boundaries in the metallic filler in the composites, which is consistent with the deformation behavior of single crystal FSMAs under quasi-static loading. 16) In the consecutive parallel impacts, the reproducible shoulder could be due to a small fraction of the pseudo-plastic under magnetic field after impact testing (sample A). The dotted line is added as a visual reference to help identify the particle chains formed during curing. deformation being recovered after impact by the elasticity of the matrix. The response of sample B to the first impact is very different when compared to sample A (Fig. 2(b) ). In this case the change of slope observed in sample A is not present, and the response of the material is close to the response of the matrix material, as can be seen in Fig. 3 . The graph in Fig. 2(c) clearly shows that if the sample is rotated after being impacted perpendicular to the chains, and then impacted parallel to the particle chains, the response is virtually identical to that of a non-impacted sample with the first impact parallel to the chains. Possible explanations for the response to perpendicular impacts could be an essentially missoriented twin structure and much softer medium in the direction perpendicular to chains so the matrix takes most of the load, rather than transferring it to the particles. Nevertheless both two factors are reduced after parallel impact so the resetting of composite is observed. Figure 3 shows the response to the first impact of the textured composite, impacted both parallel (sample A), and perpendicular to the chains (B), the matrix material (C) and a composite with no induced texture (D). It shows that the response of a textured composite to an impact perpendicular to the particle chains is very similar to the response of the matrix material. The textured composite demonstrates a behavior that is quite different, showing a change in slope when a threshold stress is reached, and a higher initial stiffness than all other samples. The composite with no induced texture shows an intermediate behavior, and the same shoulder that was visible in the second and consecutive impacts for the textured composite impacted parallel to the chains (see also Fig. 2(a) ).
The effect of the impacts on the magnetic properties of the composites can be seen in Fig. 4 . All magnetic measurements were made at room temperature (300 K). As it was to be expected the two measurements with the field perpendicular to the chain directions overlap each other, and the one with the field parallel is different, showing a stronger easy axis like behavior. This happens for both the samples A and B before and after impact. The anisotropy of the sample that causes this direction dependent initial permeability is the result of the sum of two factors, a shape anisotropy caused by the chain like structure, and a magneto crystalline anisotropy contribution that depends on the degree of orientation of the particles within the chain. The change in the magnetic anisotropy in the sample can be quantified by looking at the change in the ratio of the initial permeability of the easy axis to that of the hard axes. The ratio goes from about 3 to 2 after impact. Thus, both mechanical and magnetic tests unequivocally show that shock absorption in FSMA/polymer composite is largely caused by the stress-induced rearrangements of twin variants in the martensitic phase.
Conclusions
The impact behavior of NiMnGa/polyurethane composites has been characterized for the first time. It was shown that they are capable of mechanical energy absorption when subjected to an impact load and their response is highly anisotropic. These composites are better at dissipating the impact force than the matrix material with no filler or a composite with no induced texture if the impact and the particle chain-directions are parallel. The tests also show that the shape of the impact-time curve of the composite is different for the first impact than for the consecutive ones, and that the following impact curves, where the twin boundaries have already moved to their final position, resembles more closely the shape of the pure polyurethane matrix impact curve. More studies are expected to demonstrate advantages of FSMA/polymer composites for impact damping.
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